Efficient agitation of molten steel and slag is requested in the steelmaking industry. The conventional agitation methods are mainly classified into Ar gas injection and electromagnetic stirring. These methods are very expensive and use much energy, and accordingly, we have proposed an alternative, cheap and effective mixing method using a swirl motion. This method does not need any driving devices in the reactor. In this study, low-density liquids and low-density particles are used as models for slag. The effects of the upper slag layer on the occurrence region and the amplitude of a swirl motion of a molten steel jet are investigated.
INTRODUCTION
A swirl motion of a liquid jet or a gas jet occurred in a cylindrical bath under specific conditions 1~3) . According to our previous study 4, 5) , the swirl motion of a liquid jet is more efficient for agitation. In practical applications a top slag layer exists on the molten steel bath surface. The objective of this study therefore is to clarify the effect of the upper slag layer on the swirl motion of a molten steel jet. When the bath depth is kept constant using drainage holes, a swirl motion occurs at a constant bath depth. We call this type of swirl motion the ''steady period'' swirl motion.
On the other hand, the bath depth increases in the absence of the drainage holes. This type of swirl motion is named the ''transient period'' swirl motion. We mention about the latter because information on the characteristics of this type of swirl motion is very important for practical applications.
An example of the proposed agitation system is shown in Fig.1 .
A model liquid for slag, B, was initially placed on the surface of a model liquid for molten steel, A, and then the liquid A was injected into the bath through a single-hole bottom nozzle at a constant flow rate to generate a liquid jet. When the bath depth exceeded a certain critical value, the jet became to swirl around the vessel axis. The period from the start of liquid injection to the moment at which the swirl motion became steady was named the transient period. The same mixing situation can be realized even when low-density particles are placed on the bath surface of liquid A. Bath mixing using a swirl motion of a molten steel jet is expected to be effective for saving energy. The molten steel jet should be generated using the potential energy. The inner diameter of the nozzle, d nen , was 13mm. Water was used as the working fluid because the kinematic viscosity of water is nearly equal to that of molten steel. The water contained in the larger vessel was injected into the test vessel with a pump.
EXPERIMENT
The water flow rate was raised up to 340cm 3 /s. As the water contained in the test vessel was not drained, the bath depth, H L , Fig.1 Schematic of novel refining process using swirl motion of molten steel jet
increased linearly with time. The ratio of H L to D was defined as the aspect ratio. The initial bath depth was denoted by H Li .
Silicone oil of a kinematic viscosity of 1cSt and normal pentane were used as the low-density liquids. The kinematic viscosity of 1cSt silicone oil is equal to that of water, while the kinematic viscosity of normal pentane is about a quarter of that of water.
Styrofoam and Polypropylene were used as low-density particles. The shallow-water wave and deep-water wave types of swirl motions appeared 2, 3) under the present experimental conditions.
From a practical point of view, the swirl motion of the deep-water wave type is more important than the shallow-water wave type 6) .
We therefore focused in this study on the swirl motion of the deep-water wave type in a bath of varying depth.
The bath depths indicating the initiation and cessation of the swirl motion of the deep-water wave type were measured by eye inspection and with a high-speed video camera. The period and starting time of the swirl motion, T s and T s,s , were obtained and reported elsewhere [7] [8] [9] . Measurements of the amplitude, A, of swirl motion were repeated three times under every experimental condition and the mean value of A was determined. The test vessel of D=0.130m was mainly used for measuring the amplitude. The total thickness of the low-density particles was increased up to a value corresponding to an aspect ratio, H L /D, of 0.3. The Styrofoam particles were carried toward the sidewall of the vessel, entrapped into the bath near the sidewall, and finally dispersed nearly uniformly in the whole bath. Figure 6 shows the entrapped particles.
EXPERIMENTAL RESULTS AND DISCUSSION

PHOTOGRAPHS OF BATH AGITATED BY
OCCURRENCE REGION OF SWIRL MOTION
Some figures showing the occurrence region of a deep-water wave type swirl motion are shown again for a better understanding of the swirl motion 8, 9) . In our previous study 2, 6) , we derived empirical equations for the boundary of the occurrence region of a swirl motion of the deep-water wave type in the steady period as functions of the aspect ratio, H L /D, and a modified Rossby number, Ro m (Fig.8) .
The boundary of the occurrence region without upper layer was divided into four sub-boundaries, (I)∼(IV). The sub-boundaries were described by the following five empirical equations 6) .
(a) Sub-boundary (I)
(c) Sub-boundary (III)
where Ro m is the modified Rossby number and g is the acceleration due to gravity. It is difficult at the present stage to judge which is more adequate, Eq.(4) or Eq.(5). 
According to a previous model study on the effect of the upper 
layer on the swirl motion of bubbling jet 10) , the occurrence region of the swirl motion became narrow with an increase in the kinematic viscosity of the upper liquid. The same tendency would appear in this case. Further investigation is desirable for the kinematic viscosity effect.
Figure12 shows that the occurrence region for a particle layer could be approximated by the empirical equations, Eqs.(2'), (3'), and (7) although the density of Styrofoam is much smaller than that of water. 
